A new method of refractory metal (like Mo and Ta) ion beam production using the arc discharge ion source and CCl2F2 (dichlorodifluoromethane) used as a feeding gas supported into the discharge chamber is presented. It is based on etching of the refractory metal parts (e.g. anode or a dedicated tube) Cl and F containing plasma. The results of measurements of the dependences of ion currents on the working parameters like discharge and filament currents as well as on the magnetic field flux density of an external electromagnet coil are shown and discussed. The separated Mo + and Ta + beam currents of approximately 22 µA and 2 µA, respectively, were obtained.
Introduction
Ion implantation has become one of the most popular methods of modification of physicochemical, optical and mechanical properties of a wide spectrum of materials including semiconductors [1, 2] , metals [3, 4] and polymers [5, 6] as well as quantum dots [7] . In order to cope with the demands of providing intense, high quality beams of a variety of ions numerous designs of ion sources and ion beam production procedures were invented [8, 9] .
The refractory metals, like Mo or Ta, implantations are applied in order to improve corrosion resistance of such metals as aluminum and steel [10, 11] or magnesium alloys [12] . Passive layers on the surface of stainless steel formed by Mo implantation that resulted in improvement of its resistance on corrosion [13] , also Ta implantation to the Al-Mg alloys increased the oxidation resistance of that alloy [14] as well as hardness and elastic modulus of the Mo implanted aluminum alloy [15] . A similar effect of increased hardness and reduced friction coefficient was observed in the case of the Ta implanted Al-Mg alloy as a result of Ta 2 O 5 layer formation [16] . The effect of lowenergy Ta implantation on hardness and other mechanical properties of irradiated sapphire was studied [17] . Production of solid lubricant MoS 2 layers in Al 2 O 3 , ZrO 2 and SiO 2 oxides by Mo and S implantations was also under investigation [18] .
The most popular method for refractory metal ion beam production is using the metal vapor vacuum arc (MEVVA) ion sources [19, 20] . Another effective method is applying volatile compounds as a feeding gas to the electron cyclotron ion source [21] . The other methods to be mentioned are: plasma sputtering [22] , laser ablation * corresponding author; e-mail: mturek@kft.umcs.lublin.pl combined with electron cyclotron resonance [23] , electron beam ionisation [24] especially in the version with the high power evaporator/target heating systems [25] .
The production of intense Mo + ion beam as a result of chemical sputtering of anode by the chlorine containg plasma was already reported as a "side effect" of rare earths ions production from their chlorides [26] . The method based on the arc discharge ion source [27, 28] was developed later using chlorine derivatives of methane, like CCl 4 and CHCl 3 as feeding gases [29] . Mo + ion beams (currents ≈ 18 µA) were obtained. However, the method failed to produce Ta ion beams of satisfactory intensity. Dichlorodifluoromethane CCl 2 F 2 (also known as Freon-12, R12, used over years as a refrigerant and aerosol spray propellant) is known to enhance sputtering yields of metals [30] . It is also known that F containing plasma is a good etchant of Mo, Ta, and other refractory metals [31] . Therefore, we decided to test CCl 2 F 2 as a feeding gas in the arc discharge ion source.
The paper contains brief description of the arc discharge ion source and the experimental setup. Basic characteristics of the ion source are presented and discussed in the paper in order to find optimal working conditions for effective ion beam production. These include dependences of extracted ion current and discharge voltage on the discharge and filament currents as well as on the magnetic field flux density due to the external electromagnet. Changes of ion yield and discharge voltage due to the CCl 2 F 2 flow are also under investigation in order to confirm the important role of Cl and F containing plasma etching in effective ion production. The presented measurements were made for molybdenum and tantalum.
Experimental
The ion source used for refractory metals ion beam production was the arc discharge ion source witch cylindrical anode presented in [26] [27] [28] [29] . In the considered case (283) the ion source was configured without any internal evaporator. The schematic view of the ion source is shown in Fig. 1 . The basic parts of the ion source as the anode and cathode filament mounts are made of molybdenum, although any other refractory metal could be used. For Ta ions production a tube made of the 1 mm thick tantalum sheet was placed inside the anode. Its external diameter was equal to the internal diameter of the anode. A long stainless steel capillary was used to provide the feeding gas to the inlet. The ionisation chamber was formed by anode and filament mounts of the internal diameter of ≈ 10−11 mm and the length of ≈ 20 mm. A spiral filament made of tungsten wire (diameter of 0.75) was placed along the chamber axis. The cathode filament is heated by the high current I c (up to ≈ 38 A). The hot wire was the source of primary electrons maintaining the arc discharge between the anode and the cathode. The stabilized discharge current I a is usually set up to 4 A while the discharge voltage is typically in the range 25-40 V. In order to initialize the discharge, the anode voltage is set at ≈ 100 V and the electron emission is increased by rising I c , the discharge voltage stabilizes at lower values after 10-15 min after the ignition. The discharge chamber is surrounded by the electromagnet coil. The additional external magnetic field of axial symmetry in the discharge chamber region is used to compensate the magnetic field from the spiral cathode. It also helps to shift the discharge region near the extraction hole. The gaseous CCl 2 F 2 is transported through the dosing valve into the discharge chamber via the capillary gas inlet. It is known that R12 and other freon molecules decompose in hot plasma, hence the plasma inside the chamber is enriched by Cl and F ions, atoms and molecules to a large extent [32, 33] . The presence of residual water may also result in production of fluoric and chloric acids [34] :
(1) Both fluorine and chlorine containing plasma is a very good etchant of metallic molybdenum, especially at elevated temperatures [35] [36] [37] . The rates of tantalum etching rates can reach also the values of several µm per minute [38, 39] . Different Mo or Ta halide molecules are released to plasma [36] and then destroyed and ionised by electron impact in the discharge region, however, small amounts of molecular halide ions are observed after mass-separation. The produced ions are extracted through the extraction opening of the diameter ≈ 0.8−1 mm using the extraction voltage V ext = 25 kV. The extracted beam is formed using a triplet lens system and the beam enters a 90
• sector separating electromagnet. The mass-separated beamlet is accelerated using the additional voltage V acc = 75 keV. The ion currents of beamlets are measured making use of a Faraday cup placed behind the acceleration tube.
Results
Characteristics of the ion source were determined ≈ 30 min after the discharge was initialized when the ions source worked stable. Basic working characteristics were measured including dependences of ion current and discharge voltage on the discharge voltage I a , filament current I c as well as on the magnetic field flux density B. Figure 2 presents the dependences of the mass-separated Mo + and Ta + currents on the discharge current I a . The other working parameters (i.e. filament current I c , magnetic field flux density B and the feeding gas flow Φ) were constant. The increase of I ion with I a was observed and the I ion (I a ) curve reached its maximum at I a = 2 A (Mo) or I a = 3 A (Ta). The ion current decreased for larger I a . This effect was better visible in the case of Mo, a large degradation of the ion current for larger I a could be seen.
There are several reasons for the saturation of I ion (I a ) curves. One of them is the fact that as the plasma density rises the extraction efficiency decreases due to screening properties of plasma. It should be also noted that the discharge voltage U a rises with the discharge current. This was observed for the previously reported Mo ions production method [29] and the low melting point and volatile feeding substances [27] . The most important factor could be, however, the change of ionisation efficiency with the discharge voltage, and, consequently with the mean energy of electrons in the discharge.
One can see in Fig. 2 that the the discharge voltage in the range 30-50 V seems to be optimal for Mo + production. In the case of Ta + ions the optimal discharge voltage is slightly lower, in the range 30-40 V. It is even better visible in Fig. 3 presenting I ion (I c ) and U a (I c ) characteristics. One deals here with the two concurrent tendencies. Firstly, the larger is the filament current, the more electrons are emitted from the hotter filament and, hence, the ionization probability increases. On the other hand, higher electron density leads to the drop of U a and, therefore, to the decrease of mean electron energy. Hence, ionization efficiency decreases when U a is too low. This, in connection with the fact that electron impact ionisation cross-section of both considered elements has a maximum for several tens of volts, could explain both the saturation of I ion (I a ) curves and the presence of the maximum in I ion (I c ). The I ion (I c ) and U a (I c ) curves transformed to the normalised I ion dependence on the discharge voltage are presented in Fig. 4 . One could see that the overall trend of these curves resemble that of the electron impact ionisation cross-section on the electron energy.
Ion yield strongly depends on the feeding gas flow. This is confirmed by the data shown in Fig. 5 . The ion current increases very fast ion production is supressed right after the dosing valve is closed. One should be aware of the fact that high CCl 2 F 2 leak makes vacuum conditions poorer which in turn makes the ion beam transport less effective and can lead to electrical breakdowns between the extraction electrode and the ion source. The optimal flow is ≈ 7 mbar cm 3 s −1 . Further increase of Φ leads to excessive rise of the discharge voltage.
The dependencies of ion current and discharge voltage on the magnetic flux density produced by the external electromagnet coil were measured in order to investigate the influence of magnetic field on the ion source effciency. The results are shown in Figure 6 .
The magnetic flux density was measured using the LakeShore model 450 gaussmeter. For both Mo and Ta the maximal ion current was registered for the B values about 7 mT. Such B value is more or less needed to compensate the field from the spiral filament. Moreover, the external field helps to form the discharge plasma region in order to make the extraction as effective as possible. It should be noted that increasing the magnetic feld flux could lead to the reducion of discharge voltage and degrade ionisation efficiency.
Conclusions
A new method of refractory metal ion beams like Mo or Ta using the plasma ion source and dichlorodifluoromethane as a working gas is presented in the paper. It is based on the fact that plasma containing Cl and F etches the mentioned metals relatively fast. Basic working characteristics of the ion source are presented and discussed in the paper including dependences of the ion current on the anode and filament currents as well as on the external magnetic field flux density. It was found that the optimal discharge voltage is in the range 30-50 V for both considered metals, and the optimal magnetic field flux density is ≈ 7 mT. CCl 2 F 2 flow should be kept no larger than ≈ 7 mbar cm 3 s −1 , as the larger flow makes vacuum condition poor and also decreases the discharge voltage. The reduction of discharge voltage and the ion yield is also observed for the discharge currents larger than 2-2.5 A. One may expect that other chlorine and fluorine derivatives of hydrocarbons as well as substances like sulfur hexafluoride can be also successfully applied using the described method.
